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ollowing amputation of a urodele limb or teleost fin, the formation of a blastema is a crucial step in facilitating subsequent
egeneration. Using the zebrafish caudal fin regeneration model, we have examined the hypothesis that fibroblast growth
actors (Fgfs) initiate blastema formation from fin mesenchyme. We find that fibroblast growth factor receptor 1 (fgfr1) is
xpressed in mesenchymal cells underlying the wound epidermis during blastema formation and in distal blastemal tissue
uring regenerative outgrowth. fgfr1 transcripts colocalize with those of msxb and msxc, putative markers for undifferen-
tiated, proliferating cells. A zebrafish Fgf member, designated wfgf, is expressed in the regeneration epidermis during
outgrowth. Furthermore, we show that a specific inhibitor of Fgfr1 applied immediately following fin amputation blocks
blastema formation, without obvious effects on wound healing. This inhibitor blocks the proliferation of blastemal cells and
the onset of msx gene transcription. Inhibition of Fgf signaling during ongoing fin regeneration prevents further outgrowth
while downregulating the established expression of blastemal msx genes and epidermal sonic hedgehog. Our findings
indicate that zebrafish fin blastema formation and regenerative outgrowth require Fgf signaling. © 2000 Academic Press
Key Words: zebrafish; regeneration; blastema; fibroblast growth factors; msx; sonic hedgehog.t
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Urodele amphibians and teleost fish possess remarkable
capabilities for epimorphic regeneration, that is, the re-
growth of complex tissues such as an amputated limb or fin.
In contrast, mammalian regenerative abilities are ex-
tremely limited. The molecular mechanisms of epimorphic
regeneration require further definition, and it is not known
why mammals cannot regenerate. However, it is thought
that the ability to release or respond to signals that induce
the regeneration blastema, a mass of undifferentiated, pro-
liferative cells that accumulates beneath the epidermal
covering of the wound, constitutes the basis for regenera-
tive competence (Tsonis, 1996; Brockes, 1997).
Studies showing that appendage regeneration depends on
the continual presence of the wound epidermis (Goss, 1956;
Mescher, 1976) have led to the hypothesis that a factor(s)
released from the epidermis initiates blastema formation
and maintains its pluripotent and/or proliferative proper-
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.ies. One class of factors might be fibroblast growth factors
Fgfs), members of a large family of short polypeptides that
re released extracellularly and bind with heparin to dimer-
ze and activate specific receptor tyrosine kinases (Fgfrs).
gf signaling is involved in mammalian wound healing and
umor angiogenesis (Ortega et al., 1998; Zetter, 1998) and
as numerous roles in embryonic development, including
nduction and/or patterning during organogenesis of the
imb, tooth, brain, and heart (Crossley et al., 1996; Vogel et
l., 1996; Zhu et al., 1996; Ohuchi et al., 1997; Martin,
1998; Reifers et al., 1998; Peters and Balling, 1999). Evi-
dence obtained from studies of amphibian limb regenera-
tion supports roles for Fgfs in regeneration. First, Fgfs are
present in the epidermal caps of regenerating newt limbs
and can trigger blastemal cell division in vitro (Boilly et al.,
1991; Zenjari et al., 1997). Fgfrs are expressed in newt limb
blastemata (Poulin et al., 1993). Second, regenerative suc-
cess in Xenopus tadpole hindlimbs is associated with epi-
dermal fgf8 expression (Christen and Slack, 1997). Third,
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348 Poss et al.Fgfr inhibitors applied to Xenopus tadpoles can cause limb
regenerative defects (D’Jamoos et al., 1998). Fourth, Mullen
t al. (1996) reported that the implantation of Fgf-coated
eads can partially rescue regeneration of denervated axo-
otl limbs that otherwise form immature blastemata. None
f these reports, however, have revealed requirements for
gf signaling during specific processes such as blastema
ormation or maintenance. In addition, no studies have
xamined the roles of Fgfs during teleost regeneration.
Caudal fin regeneration in the teleost Danio rerio, or
ebrafish, represents an excellent model for understanding
pimorphic regeneration. Reasons for studying the ze-
rafish model rather than traditional amphibian limb mod-
ls include: (1) the comparatively simple structure of the fin
nd fewer cell types involved in the regeneration process, (2)
uch quicker regeneration times and ease of raising large
umbers of animals in the laboratory, (3) an expanding body
f useful molecular reagents available due to extensive
esearch in zebrafish embryology, and (4) the availability of
enetic approaches (Johnson and Weston, 1995). The fin is
omposed of several segmented bony fin rays, or lepi-
otrichia, each consisting of a pair of concave, facing
FIG. 1. Early caudal fin regenerative events depicted as longitudin
A) During the first 12 h, epidermal cells migrate to cover the st
broblasts and scleroblasts located within one or two bone segmen
how signs of distal migration. (C) Next, these mesenchymal cells
issue, just distal to the ray stumps. (D) During the outgrowth stage
n bone deposition, while distal cells divide and maintain outgrow
een described (Johnson and Weston, 1995).emirays that surround connective tissue, including fibro-
Copyright © 2000 by Academic Press. All rightlasts, as well as nerves and blood vessels. Lepidotrichia are
onnected by vascularized and innervated soft mesenchy-
al tissue. Figure 1 illustrates the early events that occur
uring lepidotrichium regeneration, separated into four
tages (A–D), at 33°C (Goss and Stagg, 1957; Santamaria and
ecerra, 1991; Johnson and Weston, 1995). During the first
tage (0–12 h after amputation), a wound epidermis derived
rom fin epidermal cells forms over the stump. During stage
(approximately 12–24 h after amputation), wound epider-
al cells continue to accumulate. Meanwhile, fibroblasts
nd scleroblasts (or osteoblasts) located one or two seg-
ents proximal to the amputation site and between hemi-
ays loosen and disorganize, assume a longitudinal orienta-
ion, and appear to migrate toward the wound epidermis. By
tage C (24–48 h), distal migration and proliferation of
hese cells have resulted in a blastema. During stage D (48
and throughout the remainder of regeneration), the blast-
ma is thought to have two prominent functions: (1) the
istal portion facilitates outgrowth via cell division and (2)
he proximal portion differentiates to form specific struc-
ures of the regenerating fin. Following caudal fin amputa-
ion, complete regeneration occurs in 1–2 weeks.
ctions (top, posterior; bottom, anterior), separated into stages A–D.
(B) Within the next 12 h, the wound epidermis thickens, while
oximal to the amputation plane lose their dense organization and
nize and proliferate to form a blastema, a mass of undifferentiated
ximal cells of the regeneration blastema differentiate to participate
more detailed staging system for later regenerative processes hasal se
ump.
ts pr
orga
, pro
th. AHere, we investigated whether Fgf signaling is a necessary
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349Fgfs and Fin Regenerationmediator of fin regeneration in zebrafish. We show that
members of this signaling pathway are expressed in the
epidermis as well as the mesenchymal tissue during blast-
ema formation and outgrowth stages. As no methods to
ectopically express genes in adult zebrafish fins yet exist,
and conditional mutants in Fgf signaling pathway members
are not available, we tested the function of Fgf signaling
during fin regeneration by use of a specific pharmacologic
inhibitor of Fgfr1. Use of this agent revealed distinct re-
quirements for Fgf signaling in induction and maintenance
of blastemal cells and suggested an additional role in
patterning the regenerate. Our work confirms and signifi-
cantly extends previous information regarding the roles of
Fgfs during regeneration.
MATERIALS AND METHODS
Animals and Fin Amputations
Zebrafish 3–6 months of age were obtained from EKKWill
Waterlife Resources (Gibsonton, FL) and used for caudal fin ampu-
tations. Fish were anesthetized in tricaine and amputations were
made using a razor blade, removing one-half of the fin. Animals
were allowed to regenerate for various times in water kept at
31–33°C; these temperatures facilitate more rapid regeneration
than more commonly used temperatures of 25–28°C (Johnson and
Weston, 1995). Fish were then anesthetized and the fin regenerate
was removed for analyses.
Whole-Mount in Situ Hybridization
To generate antisense RNA probes with a digoxigenin labeling
kit (Boehringer Mannheim), we used a 2.8-kb fgfr1 cDNA fragment,
1.7-kb fgfr2 cDNA fragment, a 0.6-kb fgfr3 cDNA fragment, a
.5-kb fgfr4 cDNA fragment (Thisse et al., 1995), a 1.2-kb msxb
cDNA fragment, a 2.0-kb msxc cDNA (Akimenko et al., 1995), a
0.6-kb fgf8 (ace) cDNA fragment (Reifers et al., 1998), a 2.2-kb
gf4.1 cDNA (Draper et al., 1999), a 2.4-kb wfgf cDNA (Draper et
l., 1999), a 3.8-kb b-catenin cDNA (Kelly et al., 1995), a 2.6-kb flk1
DNA fragment (Liao et al., 1997), and a 1.8-kb shh cDNA (Krauss
t al., 1993). Fragments containing zebrafish fgfr cDNA sequences
ere isolated by degenerate PCR using known fgfr tyrosine kinase
omain sequences of other species (K.D.P. and M.T.K., unpublished
bservations; B.T. and C.T., unpublished observations). The assign-
ent of fgfr genes was based on homology comparisons; these
equences have been deposited in GenBank.
In situ hybridization of zebrafish fins was performed as follows.
in regenerates were fixed overnight at 4°C in 4% paraformalde-
yde in phosphate-buffered saline (PBS), washed briefly in two
hanges of PBS, and transferred to methanol for storage at 220°C.
ins were rehydrated stepwise through ethanol in PBS and then
ashed in four changes of PBS–0.1% Tween 20 (PBT). Then, fins
ere incubated with 10 mg/ml proteinase K in PBT for 30 min and
insed twice in PBT before 20 min refixation. After washes in five
hanges of PBT, fins were prehybridized at 65°C for 1 h in buffer
onsisting of 50% formamide, 53 SSC, 0.1% Tween 20, 50 mg/ml
heparin, and 500 mg/ml yeast RNA (pH to 6.0 with citric acid) and
hen hybridized overnight in hybridization buffer including 0.5
mg/ml digoxigenin-labeled RNA probe. Then, fins were washed at
65°C for 10 min each in 75% hybridization buffer/25% 23 SSC, t
Copyright © 2000 by Academic Press. All right50% hybridization buffer/50% 23 SSC, and 25% hybridization
buffer/75% 23 SSC, followed by two washes for 30 min each in
0.23 SSC at 65°C. Further washes for 5 min each were done at
room temperature in 75% 0.23 SSC/25% PBT, 50% 0.23 SSC/50%
PBT, and 25% 0.23 SSC/75% PBT. After a 1-h incubation period in
PBT with 2 mg/ml bovine serum albumin, fins were incubated for
2 h in the same solution with a 1:2000 dilution of fin-preabsorbed,
anti-digoxigenin antibody coupled to alkaline phosphatase (Boeh-
ringer Mannheim). For the alkaline phosphatase reaction, fins were
first washed three times in reaction buffer (100 mM Tris–HCl, pH
9.5, 50 mM MgCl2, 100 mM NaCl, 0.1% Tween 20, 1 mM
levamisol) and then incubated in reaction buffer with 13 NBT/
BCIP substrate. In general, we obtained positive signals in 0.5–3 h.
Following the staining reaction, fins were washed in several
changes of PBT and fixed in 4% paraformaldehyde in PBS. To
obtain sections of fin regenerates, fins were first mounted in 1.5%
agarose/5% sucrose and then incubated in 30% sucrose overnight.
Frozen blocks were sectioned at 14 mm and observed using Nomar-
ski optics.
For each probe, at least 7 fins were examined for expression at 0,
6, 12, 18, 24, 48, and 96 h postamputation. For 18-, 24-, and 48-h
time points with fgfr1, msxb, msxc, and wfgf probes, we examined
5–100 fins in several different experiments. Experiments with
ense-strand RNA probes were performed with initial antisense
xperiments to estimate the specificity of signals. To assess gene
xpression in pharmacologically treated fins, an equal number of
ntreated fins were also examined. Then, all staining reactions
ere stopped after strong signals were seen in untreated fins under
ow magnification.
Fgfr1 Inhibitor Treatments
SU5402 (SUGEN, South San Francisco, CA; later referred to as
“Ri”) was dissolved in DMSO and added to fish water at a final
concentration of 1.7 or 17 mM (0.01% DMSO). Up to 10 fish were
reated in 1 liter of water, and tanks were maintained in the dark at
1–33°C with SU5402 solutions replaced every 24 h. Zebrafish
urvived normally and demonstrated no unusual behavior while in
he inhibitor solution.
BrdU Incorporation
BrdU was dissolved in PBS and fish were treated at a final
concentration of 100 mg/ml. For one experiment, fins were ampu-
ated and allowed to regenerate for 18 or 24 h in the absence or
resence of 17 mM Ri, with BrdU present during the final 6 h of
egeneration. To test the effects of Ri on proliferation in the
established blastema, fins were first allowed to regenerate for 40 h.
Then, untreated fish regenerated an additional 2 h before a 6-h
incubation with BrdU, while Ri-treated fish underwent a 2-h Ri
preincubation period before a 6-h period with both Ri and BrdU.
Fins were collected and fixed in 70% ethanol/2 mM glycine
overnight, and 10-mm sections were made from frozen blocks.
hese sections were stained for BrdU incorporation using a detec-
ion kit from Roche and counterstained with hematoxylin. Sec-
ions from untreated and Ri-treated fins were simultaneously
rocessed and developed. Approximately 100 sections from eight
ns were examined from 18- and 24-h time point experiments,
hile approximately 50 sections from six fins were examined fromhe 48-h time point experiment.
s of reproduction in any form reserved.
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350 Poss et al.RESULTS
Expression of Fgf Signaling Pathway Members
during Fin Blastema Formation and
Regenerative Outgrowth
To determine whether Fgf signaling participates in ze-
brafish caudal fin regeneration, we first determined the
expression of four fgfr genes in the early fin regenerate at
ime points ranging from 0 to 96 h postamputation. The
arliest point at which we detected faint but consistent
xpression of fgfr1 in fin regenerates was 18 h postamputa-
ion, in cells that appeared to be in the process of forming
he blastema. Longitudinal fin sections indicated that, at
8–24 h postamputation, fgfr1 transcripts localize in
broblast-like cells between hemirays just proximal and
istal to the amputation plane (Figs. 2A and 2B). At 48 h
ostamputation, during regenerative outgrowth, whole-
ount analyses consistently revealed expression of fgfr1 in
oth distal and proximal portions of the regenerate (Fig. 2C).
ections at this stage indicated transcripts in a small
opulation of cells comprising the distal blastema, as well
s in a significant portion of the basal layer of the regenera-
ion epidermis (Fig. 2D). The epidermal domain appeared to
verlap with cells that express sonic hedgehog (shh) at this
tage (see Fig. 6G; Laforest et al., 1998). These expression
omains were also conspicuous at 96 h postamputation
data not shown). In addition, we found weak but consistent
xpression of fgfr2 and fgfr3 in the proximal fin regenerate
as early as 48 h after amputation (data not shown). These
receptors were similarly expressed in diffuse domains. We
did not detect fgfr4 expression in the regenerating fin (data
not shown). These data indicate that cells of the fin regen-
erate, including blastemal progenitor cells as well as mature
blastemal cells, express receptors for Fgfs.
Because msx genes have been implicated as downstream
ranscriptional targets in Fgf signaling pathways (Wang and
assoon, 1995; Vogel et al., 1995; Kettunen et al., 1998) and
ave been postulated to be important for the undifferenti-
ted state of embryonic mesenchymal tissue (Song et al.,
992), as well as the adult urodele limb blastema (Koshiba
t al., 1998), we examined the onset and domain of expres-
ion of zebrafish msxb and msxc in the fin regenerate. The
nset of detectable msxb expression in fin regenerates was
8 h postamputation in our experiments. Sections indicated
hat, during blastema formation, msxb transcripts were
istributed in a manner similar to that of fgfr1 transcripts,
n fibroblast-like cells just proximal and distal to the
mputation plane (Figs. 2E and 2F). By 48 h and throughout
he remainder of regeneration, all msxb-positive cells were
ontained within the distal blastemal region, as previously
eported (Figs. 2G and 2H; Akimenko et al., 1995). msxc
xpression domains were virtually identical to those of
sxb at all time points (Figs. 2I–2L). Colocalization of fgfr1
ranscripts with msxb and msxc transcripts during blast-
ma formation and regenerative outgrowth supports the
Copyright © 2000 by Academic Press. All rightypothesis that Fgf signaling is important for these pro-
esses.
To determine if Fgfs are synthesized in the regenerating
n, we used probes representing characterized zebrafish fgf
enes for in situ hybridization experiments. We detected no
gf4.1 or fgf8 (ace) transcripts in fin regenerates (data not
hown). However, we found that a member of the Fgf8,
gf17, and Fgf18 subclass of Fgf ligands, here designated
Wound (W) fgf,” is expressed in the fin regenerate (Draper
t al., 1999). We consistently observed wfgf expression at
8 h postamputation in the distalmost cells of the regen-
ration epidermis, where it was maintained throughout
utgrowth (Figs. 2M–2P). Experiments examining wfgf ex-
ression during blastema formation were equivocal, show-
ng faint expression in approximately 50% of the regener-
tes (data not shown). These data indicate that at least one
gf member is present in the regenerating fin. As many
ther Fgfs likely exist in zebrafish, an Fgf ligand strongly
xpressed during blastema formation may yet be discov-
red.
Inhibition of Fgfr1 Blocks Blastema Formation
To functionally assess roles of Fgfs in fin regeneration, we
used the lipophilic drug Ri, which has been shown to
isrupt Fgfr1 autophosphorylation and substrate phosphor-
lation by binding specifically to its tyrosine kinase do-
ain. The IC50 of Ri with respect to Fgfr1 activity in
mammalian cells was shown previously to be 10–20 mM
(Mohammadi et al., 1997). We have found that this concen-
tration of Ri causes a dramatic truncation of posterior
structures when applied to developing zebrafish embryos
(K.D.P. and M.T.K., unpublished observations). Such em-
bryos appear remarkably similar to those injected with
mRNA encoding a dominant-negative Fgfr1 (Griffin et al.,
1995). Therefore, Ri appears to effectively block zebrafish
Fgfr1 activity. Previous studies have shown that Ri does not
block platelet-derived growth factor, epidermal growth fac-
tor, or insulin receptors at concentrations greater than 50
mM in mammalian cells and has no effects on activities of
numerous serine/threonine kinases (Mohammadi et al.,
1997; Sun et al., 2000). However, Ri does inhibit Flk1, a
vascular endothelial growth factor receptor and the earliest
known marker for endothelial progenitor cells (Liao et al.,
1997), at 10–20 mM. In zebrafish fin regenerates, consistent
expression of flk1 was not observed until 96 h postamputa-
tion, when it appeared in blastemal cells (n 5 22; data not
shown). We found no evidence of flk1 expression during
blastema formation by in situ hybridization (24 h postam-
putation; n 5 14; data not shown).
By treating zebrafish for 96 h with Ri immediately fol-
lowing amputation, we determined whether signaling
through Fgfr1 is required for regeneration. Treatment of
zebrafish with 1.7 mM Ri (0.5 mg/liter) inhibited fin regen-
eration to varying degrees. Of 10 fins examined, 4 regener-
ated normally, 5 showed slight regenerative defects, and 1
had a regenerative block. However, all animals exposed to
s of reproduction in any form reserved.
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351Fgfs and Fin RegenerationFIG. 2. Fgfr1, msxb, msxc, and wfgf are expressed in the fin regenerate during blastema formation (18–24 h postamputation) and/or
egenerative outgrowth (48 h postamputation unless otherwise indicated). (A) Fgfr1 expression at 24 h postamputation (violet stains
ndicate positive signal, arrowhead). Arrows demarcate amputation plane in each photograph. (B) Longitudinal section (bottom, anterior;
op, posterior) through an 18-h fin stained for fgfr1. Mesenchymal cells located between and just distal to hemirays faintly expressed fgfr1
brackets outline region of expression). (C) Fgfr1 expression at 48 h postamputation. (D) Section through a 48-h fin regenerate stained for
gfr1 mRNA expression. Two different domains are evident: one in mesenchymal cells representing the distal blastema and one expressing
ilaterally in the basal layer of the regeneration epidermis. (E) Msxb expression at 24 h postamputation. (F) Longitudinal section of 18-h fin
egenerate assessed for msxb expression, indicating msxb-positive cells between and extending beyond hemirays. (G) msxb expression at
48 h postamputation. (H) Section of 48-h fin regenerate labeled for msxb demonstrates expression in the distal blastema. (I) msxc expression
at 24 h postamputation. (J) Longitudinal section of 18-h fin indicates msxc-positive cells between hemirays. (K, L) Expression of msxc at
48 h was virtually identical to that of msxb in whole mounts (K) and sections (L). (M) wfgf expression at 48 h postamputation. (N)
Longitudinal section of fin stained for wfgf expression at 48 h. Only the distalmost cells of the regeneration epidermis expressed wfgf. (O)
fgf expression at 96 h postamputation. (P) Section of 96-h regenerate assessed for wfgf expression, indicating an epidermal hybridization
signal. Original magnification in whole mounts (A, C, E, G, I, K, M, O) was 503 and was 2503 in sections (B, D, F, H, J, L, N, P).
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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352 Poss et al.FIG. 3. Fgfr1 inhibition blocks fin regeneration. (A) Fin from untreated fish at 96 h after amputation, showing normal regrowth and new
segmentation. Arrows demarcate amputation plane in each photograph. (B) Fin from fish treated with Ri for 96 h immediately following
mputation. These fins showed no new growth. Here, the amputated edge appears saw-toothed due to the retraction of tissue between rays.
C) Hematoxylin stain of 24-h fin regenerate section from untreated fish (asterisk denotes new blastema). (D) Fin regenerate section from
sh treated with Ri for 24 h. Note the lack of blastema. However, Ri-treated fin regenerates showed mesenchymal disorganization
arrowheads mark boundary between organized and disorganized tissue), as well as longitudinal arrangement suggestive of migration.
riginal magnification in (A, B) was 203 and in (C, D) 4003.FIG. 4. Fgfr1 inhibition blocks proliferation of established blastemal cells. (A, B) Section of 18-h fin regenerates indicating BrdU
incorporation (that occurred during 12–18 h postamputation) in untreated (A) and Ri-treated (B) fins. Ri had no effects on BrdU incorporation
n proximal mesenchymal tissue at this stage. Arrows demarcate amputation plane in each photograph. (C, D) Section of fins allowed to
egenerate for 40 h prior to (C) a 2-h period without treatment before 6 h incubation with BrdU or (D) a 2-h Ri preincubation period before
h treatment with both Ri and BrdU. While proximal mesenchymal cell BrdU incorporation was normal during the brief Ri incubation,
rdU incorporation in distal blastemal cells was never observed, and incorporation in proximal blastemal cells was dramatically reduced.
riginal magnification was 4003.
IG. 5. Fgfr1 inhibition blocks msx gene expression in the fin regenerate. (A, B) Fins from untreated fish (A) and Ri-treated fish (B) stained
or b-catenin mRNA expression at 24 h postamputation (arrowheads mark signals). Arrows demarcate amputation plane in each
photograph. (C, D) Fins from Ri-treated fish assessed for msxb (C) or msxc (D) expression at 24 h postamputation. Wound epidermal
b-catenin expression was normal in Ri-treated fish, but expression of mesenchymal msxb and msxc was very low or absent (compare with
Figs. 2E and 2I). Original magnification was 503.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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354 Poss et al.17 mM Ri (5 mg/liter) demonstrated complete regenerative
blocks (n 5 9; Figs. 3A and 3B). These results indicate that
Fgf signaling is required for zebrafish fin regeneration.
To determine if a blastema forms in the absence of Fgf
signaling, we examined histology of Ri-treated fin regener-
ates. While a wound epidermis consistently formed over the
fin stumps of Ri-treated fish, we found no evidence for
blastemal morphogenesis (Figs. 3C and 3D). However, mes-
enchymal cells proximal to the amputation plane showed
disorganization as well as longitudinal orientation sugges-
tive of distal migration (Fig. 3D). Analyses of DNA replica-
tion and cellular proliferation via BrdU incorporation
showed normal proximal mesenchymal cell labeling in
Ri-treated fins at 12–18 (Figs. 4A and 4B) and 18–24 h
postamputation (data not shown). To test if blastemal cells
underwent DNA replication in the presence of Ri, we
xamined BrdU incorporation in fins briefly treated with Ri
during regenerative outgrowth (40–48 h postamputation).
Blastemal cells of these fins demonstrated greatly reduced
incorporation of BrdU (Figs. 4C and 4D). While distal
blastemal cells were routinely labeled in sections of un-
treated fins, labeling of these cells was never observed in
sections from Ri-treated fins. Furthermore, labeled proxi-
mal blastemal cells, which likely had incorporated BrdU
through division in the distal blastema, were heavily dis-
tributed in sections of untreated fins but sparsely distrib-
uted in sections of Ri-treated fins. Nevertheless, prolifera-
ion in mesenchymal cells proximal to the amputation
lane again was similar in untreated and Ri-treated groups
(Figs. 4C and 4D). The lack of effect of Ri on proximal
esenchymal tissue is probably not due to poor tissue
enetration, as fins treated for 48 h with Ri before BrdU
treatment also showed normal proximal mesenchymal in-
corporation (data not shown). These results indicate that
Fgf signaling is essential for blastema formation, likely by
facilitating mesenchymal cellular proliferation near the
wound epidermis.
To assess molecular effects of the regenerative block in
Ri-treated fins, we determined the expression of b-catenin,
sxb, and msxc. We have found that b-catenin is expressed
t high levels in the wound epidermis of untreated regen-
rating fins as early as 3 h postamputation and throughout
he regeneration process (K.D.P., J.S., and M.T.K, unpub-
ished observations). b-catenin expression was normal in
Ri-treated fins, suggesting that such fins have no gross
defects in wound healing (n 5 7; Figs. 5A and 5B). However,
xpression of the blastemal markers msxb and msxc in
hese fins was extremely low or undetectable in 24-h
egenerates, while wholly undetectable in 48-h regenerates
msxb, 21 fins; msxc, 8 fins; Figs. 5C and 5D). These data
ndicate that Fgf signaling is necessary for msxb/c transcrip-
tion in the fin regenerate.
Fgfr1 Inhibition Blocks Regenerative Outgrowth
Because wfgf and fgfr1 expression domains were main-
tained in the fin regenerate during outgrowth, and as
Copyright © 2000 by Academic Press. All rightblastemal cell BrdU incorporation was blocked by Ri, we
predicted that Fgf signaling also participates in blastemal
maintenance/regenerative outgrowth. To test this hypoth-
esis, we examined the effects of Ri on ongoing regenerates.
e discovered that Ri inhibited further outgrowth of 24- to
72-h fin regenerates (Figs. 6A–6C). Ri treatment often
caused the accumulation of an unusually thick regenera-
tion epidermis, as well as dorsoventral migration of mela-
nocytes into adjacent rays (see Fig. 6H). We interpret these
phenomena to be the result of cellular migratory processes
by the epidermal and pigment cells that would normally be
paired with new distal growth. In addition, new bone
deposition was not interrupted by Ri treatment despite the
lack of outgrowth, as we observed lepidotrichial material at
unusually distal locations in sections of these fins (Fig. 6C).
To investigate the molecular effects of this outgrowth
inhibition by Ri, we examined marker expression following
a 24-h Ri application period. We saw no significant reduc-
ion of 48- or 72-h epidermal wfgf expression (n 5 16; data
ot shown). However, expression of msxb was diminished
n Ri-treated fins that had already regenerated normally for
4 or 48 h (10 of 18 Ri-treated fins had no detectable msxb
xpression, while the remaining 8 fins showed low levels;
ig. 6D). Similar effects on msxc expression were observed
n 5 8; Fig. 6E). We did not detect msxb expression in 24-
r 48-h fin regenerates exposed to Ri for 48 h (n 5 18; data
not shown). We conclude that Fgf signaling is required for
blastema maintenance and regenerative outgrowth, but is
not crucial for other processes including melanocyte migra-
tion or bone deposition.
Finally, because fgfr1 was also expressed in epidermal
cells during regenerative outgrowth (see Figs. 2C and 2D),
we hypothesized that Fgf signaling may be important for
patterning the regenerate. To test this hypothesis, we
looked at the effects of Ri treatment on expression of the
patterning gene shh. As previously reported, shh was local-
ized to bilateral domains of the basal layer of the fin
epidermis as early as 48 h postamputation (Figs. 6F and 6G;
Laforest et al., 1998). Release of Shh from these cells is
thought to direct differentiation of blastemal cells into
scleroblasts, which deposit bone in forming the new seg-
ments of the regenerate. Treatment of 48- or 72-h fin
regenerates with Ri for 24 h dramatically reduced shh
xpression (0 of 18 fins had detectable shh transcripts; Fig.
6H). These data indicate that intact Fgf signaling is required
for normal expression of shh in the fin regenerate.
DISCUSSION
Fgf Signaling and Fin Blastema Formation
We conclude that Fgf signaling is required for blastema
formation in the regenerating zebrafish caudal fin. Two
observations of this study suggest that Fgf signaling has a
specific role in fin blastema formation, but is not essential
for other important early events. First, fgfr1 is transcription-
ally induced in mesenchymal cells within one-half segment
s of reproduction in any form reserved.
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355Fgfs and Fin Regenerationproximal to the amputation plane. These cells subsequently
form the blastema. The wound epidermis and more proxi-
mally located mesenchymal cells do not express fgfrs at this
tage. Second, a specific inhibitor of Fgfr1 blocks blastema
FIG. 6. Fgfr1 inhibition blocks outgrowth and reduces msxb/c and
rom fish allowed to regenerate for 24 h before a 24-h treatment w
f fin from fish allowed to regenerate for 48 h before treatment w
comparing (B) and (C), it is apparent that, during Ri treatment, mela
continued despite the lack of outgrowth. Asterisks denote distalmo
arrows demarcate the amputation plane in each photograph. (D, E)
Ri, and assessed for msxb (D) or msxc (E) expression. Note that
established expression (compare with Figs. 2E and 2I). (F) shh was
through fin shown in (F) indicates bilateral shh expression domains
treated with Ri, and stained for shh mRNA expression. shh transcr
in (A–C, G) was 2503 and in (D, E, H) 503.ormation at low concentrations. However, it does not e
Copyright © 2000 by Academic Press. All rightffect formation of the wound epidermis or disorganization,
roliferation, and migration of mesenchymal cells, which
an occur up to one or two segments proximal to the
mputation plane. Thus, Fgf signaling is essential for blast-
expression in ongoing fin regenerates. (A) Section of amputated fin
i. (B) Section of untreated fin at 48 h postamputation. (C) Section
i. Note that little outgrowth occurred during Fgfr1 inhibition. By
te migration and bone matrix deposition (still inconspicuous in (B))
ints of bone deposition (C) and pigment cell localization (B, C), and
le-mount views of fin allowed to regenerate for 24 h, treated with
eatment removed (D) or diminished (E; arrowhead marks signal)
essed at 60 h postamputation in dual fin ray domains. (G) Section
basal layer of the epidermis. (H) Fin allowed to regenerate for 72 h,
ere undetectable following Ri application. Original magnificationshh
ith R
ith R
nocy
st po
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Ri tr
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ipts wma formation but not critical for earlier regenerative
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356 Poss et al.stages of wound epidermis formation and mesenchymal
disorganization.
It is important to understand at a molecular and cellular
level how Fgf signaling is involved in blastema formation. To
address this, we have shown that msxb and msxc transcripts,
putative markers of undifferentiated, mitotic cells, colocalize
with fgfr1 transcripts during blastema formation and are
diminished in Ri-treated fins. Also, Ri prevents cell division in
he blastema. These findings suggest that Fgf signaling in-
uces the blastema by stimulating msx gene expression and
ransforming fin mesenchymal cells to an undifferentiated,
roliferative state. However, we found no evidence that fgfr1
xpression precedes msx gene expression. Therefore, it is
qually possible that Fgf signaling instead maintains msx gene
xpression in blastemal precursor cells, which would support
ndings from embryonic systems (Wang and Sassoon, 1995;
FIG. 7. A model for the participation of Fgf signaling during
mesenchymal cells disorganize and begin to migrate toward the am
synthesized in the wound epidermis bind to mesenchymal Fgfr1. Si
of msxb and msxc expression in these cells, and a blastema forms.
distalmost epidermal cells and signal through blastemal Fgfr1 to ma
eanwhile, Fgfs activate Fgfrs in basal layer epidermal cells to mai
s thought to help direct new bone deposition by scleroblasts.ogel et al., 1995; Kettunen et al., 1998). It also remains
Copyright © 2000 by Academic Press. All rightplausible that msx genes are downregulated by Ri as a second-
ry consequence of a disruption in blastemal organization.
owever, it is unlikely that Ri indirectly blocks regeneration
by exerting effects on physiology not associated with the fin.
To test this, we have used in vitro explant methods and found
that Ri can also diminish established blastemal msxb expres-
sion in cultured fin regenerates (G. Whitehead, K.D.P., and
M.T.K., unpublished observations). To further examine func-
tions of Fgf signaling during blastema formation, techniques
for ectopically introducing factors into regenerates must be
developed.
Fgf Signaling and Fin Regenerative Outgrowth
and Patterning
Fgf signaling is also essential for fin regenerative out-
regeneration. Left: Following amputation and wound healing,
ion plane. At the epidermal–mesenchymal junction, Fgf molecules
ng by Fgfr1 triggers proliferation and the induction or maintenance
t: During later stages, Wfgf and/or other Fgfs are released from the
n msxb/c expression and cell division, which promotes outgrowth.
shh transcription during outgrowth. Shh released from these cellsfin
putat
gnali
Righ
intai
ntaingrowth. We demonstrated that at least one Fgf ligand, wfgf,
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357Fgfs and Fin Regenerationis expressed in epidermal cells overlying the proliferative
distal blastema, which coordinately expresses fgfr1 and
sxb/c. Furthermore, treatment of these fins with an Fgfr1
nhibitor downregulates msxb/c and blocks regenerative
utgrowth. In addition to this proliferative role, Fgf signal-
ng appears to be important for patterning of the fin regen-
rate. Other investigators have shown that Fgfs can main-
ain expression of the patterning gene shh in developmental
ystems (Niswander et al., 1994; Laufer et al., 1994). We
found that a second fgfr1 expression domain appears to
overlap with shh expression in the basal epithelial layer of
the fin regeneration epidermis. Furthermore, Ri treatment
iminishes established shh expression, suggesting that Fgfs
ositively regulate shh transcription or, perhaps instead,
promote epidermal–mesenchymal interactions in the re-
generate that stimulate shh expression. These roles in
utgrowth and patterning of the fin regenerate are analo-
ous to those ascribed to Fgfs during vertebrate limb bud
evelopment (Niswander et al., 1994; Laufer et al., 1994;
rossley et al., 1996; Vogel et al., 1996; Ohuchi et al., 1997;
Martin, 1998).
A Possible Model for Epimorphic Regeneration
in Vertebrates
The observations described here suggest a possible, albeit
incomplete, molecular model for fin regeneration (Fig. 7).
Following amputation, wound healing and proximal mes-
enchymal disorganization, proliferation, and migration oc-
cur in an Fgf-independent manner. Then, Fgfs synthesized
in the wound epidermis bind to Fgfr1 on mesenchymal cells
near the amputation plane. This triggers (directly or indi-
rectly) upregulation of msxb and msxc and new prolifera-
ive capacity in blastemal precursor cells, which organize
nd divide to form the blastema. These signaling events
ay be similarly used to facilitate blastema maintenance
hat promotes regenerative outgrowth. In the fin regenerate,
ew bone deposition must be continually coordinated with
utgrowth. We hypothesize that Fgf signaling contributes
o this by directing both the proliferative ability of the
istal blastema and the competence of basal layer epidermal
ells to induce shh and direct bone deposition by sclero-
lasts.
Our results reinforce the previous observations of those
tudying amphibian limb regeneration and suggest that the
bility to induce Fgf signaling following injury is para-
ount for both fin and limb regeneration. Although epi-
orphic regeneration is largely confined to urodeles and
eleosts, limited capacities have been demonstrated in
ther vertebrates. For example, murine digit tips will regen-
rate if amputation occurs distal to the nail bed (Borgens,
982). Avian embryos will regenerate amputated limb buds
f the stumps are supplemented with Fgf-coated beads
Taylor et al., 1994). In both cases, the ability to regenerate
s associated with amputation through tissues expressing
sx genes (Reginelli et al., 1995; Kostakopoulou et al.,
1996). It is likely that additional ontogenetic factors will
Copyright © 2000 by Academic Press. All rightrove to be important for epimorphic regeneration in te-
eosts and amphibians. Further definition and manipulation
f these signaling pathways may help expand regenerative
apabilities in other vertebrate organisms.
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